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Abstract: The estimation of extreme ocean wave heights is important for understanding the ocean’s
response to long-term changes in the ocean environment and for the effective coastal management of
potential disasters in coastal areas. In order to estimate extreme wave height values in the Northwest
Pacific Ocean, a 100-year return period were calculated by applying a Peak over Threshold (PoT)
method to satellite altimeter SWH data from 1992 to 2016. Satellite altimeter SWH data were validated
using in situ measurements from the Ieodo Ocean Research Station (IORS) south of Korea and the
Donghae buoy of the Korea Meteorological Administration (KMA) off the eastern coast of Korea.
The spatial distribution and seasonal variations of the estimated 100-year return period SWHs in the
Northwest Pacific Ocean were presented. To quantitatively analyze the suitability of the PoT method
in the Northwest Pacific, where typhoons frequently occur, the estimated 100-year return period
SWHs were compared by classifying the regions as containing negligible or significant typhoon
effects. Seasonal variations of extreme SWHSs within the upper limit of 0.1% and the PoT-based
extreme SWHs indicated the effect of typhoons on the high SWHs in the East China Sea and the
southern part of the Northwest Pacific during summer and fall. In addition, this study discusses the
limitations of satellite altimeter SWH data in the estimation of 100-year extreme SWHs.

Keywords: satellite altimeter; significant wave height (SWH); extreme SWH; Peak over Threshold
(PoT) method; typhoon; Ieodo Ocean Research Station (IORS)

1. Introduction

Tropical cyclones are accompanied by heavy rainfall, unusually high waves and strong
winds, all of which have a great impact on the coastal environment. The intensity of tropical
cyclones or the frequency of the most intense cyclones has increased as an effect of climate
change [1,2]. The intensity of tropical cyclones is increasing locally as a result of the changes
in the cyclones’ trajectories and the location of the maximum intensity [3-5]. The extreme
significant wave height (SWH) is increasing globally as well as regionally, especially in
coastal regions [6-10]. Increases in extreme wave height caused by tropical cyclones and
hazardous events, combined with predicted sea-level rises (e.g., [11-13]), have the potential
to increase the magnitude of disasters along with coastal erosion. Therefore, it is very
important to estimate the extreme wave height, such as the 100-year return period SWH,
as well as to understand the wave variability over decades.

The long-term return period values of wave height, 100-year return period SWHs, are
intuitively determinable if the SWHs have been measured for a sufficiently long period
over 100 years. However, the temporal duration of most SWH measurements is shorter
than the expected return period. Therefore, several methods for estimating extreme values
by applying extreme value analysis (EVA) such as the Initial Distribution Method (IDM),
Annual Maximum (AM) method, and Peaks over Threshold (PoT) method have been
developed over the past few decades (e.g., [14-17]). Studies have estimated the extreme
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wave height in the global ocean and regional seas by applying these statistical methods
to buoy measurements and shipborne wave recorder data [7,18-23], satellite observation
data [24-30], or model simulation data [31-35].

It is important to develop sophisticated statistical techniques for estimating extreme
wave heights and to understand their spatio-temporal distribution in the global ocean and
regional sea. In addition, it is also important to study the applicability and limitations of
various estimation techniques that have been developed and utilized in previous studies.
In particular, it is valuable to verify that long-term return period SWHs is adequately
estimated in seas where extreme events such as typhoons frequently affect the estimation
of extreme wave height.

The Northwest Pacific has a variety of ocean and atmospheric phenomena that cause
the spatial and temporal variability of SWH, as shown in the long-term mean of satellite
SWH data from 1992 to 2016 (Figure 1a,b). Previous studies have reported an increasing
trend for SHW as well as extreme SWH values corresponding to the upper 1% in the
Northwest Pacific (e.g., [36]). In addition, as shown in Figure 1c,d, the Northwest Pacific
is a region with one of the highest frequencies of high-intensity tropical cyclones [37].
On average, more than 28 tropical cyclones occur per year [38], and the frequency of
tropical cyclones accounts for 30% of the total global tropical cyclones [39]. Therefore, the
Northwest Pacific is very suitable for the estimation of the 100-year return period SWH
because of the relative abundance of extreme events such as tropical cyclones. Thus, it is
important to understand the characteristics of extreme wave height in regions affected by
tropical cyclones. Although the spatial distribution of the 100-year return period of SWH in
the Northwest Pacific region has been presented [40,41], few studies have been conducted
on the effect of tropical cyclones on extreme SWH.
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Figure 1. Spatial distribution of (a) the annual mean and (b) standard deviation of significant wave height (m), (c) the

number of typhoons in each bin, and (d) the typhoon tracks from 1992 to 2016 in the Northwest Pacific, where the colors
denote the years 1992 to 2016.

The objective of this study is to investigate and verify the extreme wave heights using
satellite altimeter-observed data in the Northwest Pacific, where typhoons and extratropical
storms occur frequently. This is achieved by (1) validating the satellite altimeter data using
in situ measurements; (2) applying the EVA scheme commonly used to estimate the extreme
wave heights; (3) comparing the estimated extreme wave heights with the maximum SWH
measurements; and (4) investigating the difference in extreme wave height characteristics
between typhoon region and non-typhoon region in the Northwest Pacific. This study also
aims to discuss the limitations and precautions for estimating the extreme wave height
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using satellite altimeter data and to demonstrate the necessity of in situ data to verify the
satellite-derived extreme wave heights.

2. Data and Methods
2.1. Satellite Data

In this study, the altimeter SWH data provided by Institut Francais de Recherche
pour I'Exploitation de la Mer (IFREMER) from January 1992 to December 2016 (25 years)
were utilized [42]. This database is composed of nine altimeters (European Remote
Sensing-1 (ERS-1), Topography Experiment/Poseidon (TOPEX/Poseidon), European Re-
mote Sensing-2 (ERS-2), Geosat Follow-On (GFO), Joint Altimetry Satellite Oceanography
Network-1 (Jason-1), Environmental Satellite (Envisat), Joint Altimetry Satellite Oceanog-
raphy Network-2 (Jason-2), Cryosat-2, and Satellite for Argos and Altika (SARAL)) data
over the study period, as shown in Table 1. The altimeter SWH data used in this study
were quality controlled with along-track data. In addition, to improve accuracy and con-
sistency, corrections of each altimeter SWH data were also performed by Queffeulou and
Croizé-Fillon [42] by the comparison of satellite data with in situ measurements or an inter-
comparison between altimeter data. In the Northwest Pacific, these altimeter SWH data
were validated to be about 0.1 m in terms of bias and 0.3 m in terms of the root-mean-square
error (RMSE) [36].

Table 1. Information on satellite altimeters used in this study, including the operational period, data period, and repeat period.

Satellite Operational Period Data Period Repeat Period (Days)
ERS-1 17 July 1991-10 March 2000 2 January 1992-2 June 1996 3,35, 168
TOPEX/Poseidon 10 August 1992-9 October 2005 25 September 1992-8 October 2005 9.9156
ERS-2 21 April 1995-5 September 2011 15 May 1995-2 July 2011 35
GFO 10 February 1998-22 October 2008 7 January 2000-7 September 2008 17
Jason-1 7 December 2001-21 June 2013 15 January 2002-20 June 2013 9.9156
Envisat 1 March 2002-8 April 2012 14 May 2002-8 April 2012 35
Jason-2 20 June 2008-9 October 2019 4 July 2008-31 December 2016 9.9156
Cryosat-2 8 April 2010-Present 16 July 2010-31 December 2016 30
SARAL 25 February 2013-Present 14 March 2013-31 December 2016 35

To investigate if satellite SWH data could be measured near the typhoon center
under a condition of severe sea states, we used 10.8 pum channel infrared images of the
Communication, Ocean, and Meteorological Satellite /Meteorological Imager (COMS/MI)
for a period from 26 to 27 August 2012. During this period, serval satellite altimeter tracks
passed over the typhoon Bolaven in the seas around the Korean Peninsula, and satellite
SWHs could be obtained for the typhoon event.

2.2. In-Situ Data

The Ieodo Ocean Research Station (IORS), located at 125.18°E, 32.12°N in the East
China Sea and south of the Korean Peninsula, has been operating since 2003 [43]. It was
constructed on an underwater rock with a depth of approximately 40 m. It is far from land
or islands, approximately 149 km southwest of Marado, Korea, 276 km from the west of
Dorisima, Japan and 287 km from the nearest island of China, as shown in Figure 2b. The
SWH measurements from IORS were used from 2005 to 2016 to evaluate the accuracy of
the altimeter SWH data in regions with the greatest frequency of extreme conditions such
as typhoons. The tracks of satellite altimeters around IORS are presented in Figure 2¢-k,
which contains all the regular tracks and transitional tracks during the study period from
1992 to 2016.
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Figure 2. (a) Bathymetry (m) in the Northwest Pacific; (b) an enlarged map corresponding to the
yellow box of (a), showing the locations of leodo Ocean Research Station (IORS) (125.18°E, 32.12°N)
and Donghae buoy (129.95°E, 37.54°N). (c-k) Satellite altimeter tracks around IORS marked with a
red circle, and (I-t) tracks around the Donghae buoy, marked with a green circle.

As IORS is a tower, the wave heights are observed using a radar instrument on a
platform-based remote sensing system, in contrast to the conventional buoy using an ac-
celerometer to measure the wave height. The observed SWH data might contain abnormal
values due to various atmospheric and marine environments and instrumental errors. The
Korea Hydrographic and Oceanographic Agency, which distributes the observation data
from IORS, has developed a series of quality control procedures for wave height mea-
surements based on the techniques presented by the Intergovernmental Oceanographic
Commission [44,45] and Evans et al. [46]. The agency distributes the SWH data from IORS
with quality control information. In this study, quality controlled data at 1-h interval with
quality flags were used for analysis.

In addition, the SWH measurements from the Donghae buoy of the Korea Meteorolog-
ical Administration (KMA) were utilized. The buoy is located relatively far from the coast
(129.95°E, 37.54°N), in an area with less influence from typhoons than IORS. The data were
collected from 2011 to 2016. The SWH measurements at 1-h interval from Donghae buoy
were also quality controlled by applying quality flags provided with the data.

As shown in Figure 3a, SWHs higher than 8 m were observed at IORS. The monthly
average is a mixture of seasonal variation in which the SWH increases in winter and
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decreases in summer, and the highest SWH in August due to frequent passage of typhoons
(Figure 3c,e). The SWHs from Donghae buoy show more pronounced seasonal variability
than those of IORS (Figure 3d,f), but they also exhibit high values exceeding 4.5 m due to
typhoons in August-September. Another difference from the SWH measurements from
IORS is that there is a peak in April. This is related to the fast-developed low-pressure
passing through the East Sea (Sea of Japan) [47,48].
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Figure 3. Time series of the significant wave height (SWH) measurements from (a) the IORS and (b)
the Donghae buoy, year—-month plots of SWH (m) from (c) the IORS and (d) the Donghae buoy, and
monthly average of SWHs from (e) the IORS and (f) the Donghae buoy.

2.3. Best Track Data of Typhoons

Information regarding the occurrence and movement of typhoons from 1992 to 2016
in the study area was obtained from the International Best Track Archive for Climate
Stewardship (IBTrACS) version 3 release 10 (v03r10) [49]. The number of typhoons during
the study period was calculated in bins of 2° x 2° and used as an index to evaluate whether
extreme conditions such as typhoons were sufficiently represented in the EVA results.

2.4. Estimation of Extreme Value

In order to understand the spatial distribution of the extreme wave height using the
EVA in the Northwest Pacific, SWH data measured along satellite altimeter tracks were
sub-sampled within a bin of 2° x 2° [24,28,50]. In this study, the PoT method was utilized
to estimate extreme SWHs using buoy measurements and satellite altimeter data (Figure 4).
The PoT method, which uses data exceeding a defined threshold, alleviates the limitations
of the AM method while maintaining data as being independent and identically distributed.
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The data greater than the threshold follow a generalized Pareto distribution (GPD) in the

EVA [17]: e
G(z)_1—{1+5(0”)] , (1)

where y is the location parameter, o is the scale parameter, and ¢ is the shape parameter.
As the threshold p is a factor that affects the result of EVA, it is of considerable importance
to select an appropriate threshold value. Too low a threshold causes the estimated extreme
value to have a low bias, while too high a threshold does not maintain stability because of
excessive suppression of the amount of data [17,21]. Therefore, the stability of parameters
should be tested. The parameters were estimated for every value of the threshold [17].
For the selection of the threshold, the shape parameter () and modified scale parameter
(0 = o — ¢u) were presented in Figure 5. Based on the results of the stability test, the
99.5th percentile SWH suggested by Méndez et al. [21] was selected among the various
threshold values proposed in previous studies [21,24,25,28].

Reading satellite data

]

Division of the data into n"x n’ bins

]

Selection of the threshold

]

Choosing the maximum value
for each satellite track

]

Separation of the data
into the N-day period

]

Fitting the GPD to the data

l

Estimation of the extreme SWH

Figure 4. Flowchart of estimation of extreme SWH using Peak over Threshold analysis with a
generalized Pareto distribution, where n and N represent the 2 degree and 3 days, respectively.
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Figure 5. (a) Shape parameter (¢) and (b) modified scale parameters (6 = o — ¢u) with 95% confidence intervals for

every value of threshold. The red dot indicates the 99.5th percentile SWH.

To perform the PoT analysis, it was hypothesized that the data should satisfy the
precondition of independence between the data. However, a satellite altimeter along the
track would be likely to observe similar SWH values within a bin, which may violate
the precondition. Taking this into account, we selected one maximum value for each
track of the satellite within a given bin. Nevertheless, other satellites were likely to
undermine this independence by observing similar SWHs within a given spatial range.
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As such, an additional constraint was given to use a temporal range for the selection of
only one maximum value among the previously selected maximums. Previous studies
have mentioned that the independence of data could be ensured by separating these data
into specific time intervals such as two days [35,51] or three days [21]. In this study, data
separated at three-day time intervals were used for the EVA.

In the PoT method, the probability level for the 100-year return period SWH is deter-

mined as follows:
Ny

~ 100Npo1”

where Np,t is the number of exceedances used in the PoT analysis, and Ny is the number
of years covered by the analysis. As mentioned above, the PoT method complements the
defects of the annual maximum method, but also has a limitation in that this method shows
an extreme dependency on the threshold, and variations of the estimated extreme value
were amplified if insufficient data were available for this approach.

P(Hs < HSwO) -1 @)

3. Results
3.1. Validation of Satellite SWH Data

The altimeter SWH data were validated by comparison with the SWH measurements
from the IORS and Donghae buoy prior to the estimation of the extreme SWH value.
Figure 6a,b present a comparison between the altimeter SWH data and the in situ mea-
surements at the IORS and the Donghae buoy. When the collocation procedure between
altimeter along-track SWH data and in situ measurements was performed using the criteria
of 30 min and 50 km in time and space, the numbers of the matchup data produced at the
IORS and Donghae buoy were 833 and 556, respectively. The SWH data from the altimeters
were in good agreement with both SWH measurements from IORS and Donghae buoy.
The comparison resulted in RMSE of 0.38 m at the IORS and 0.23 m at Donghae buoy,
respectively. Compared with the SWH measurement from IORS, it was noted that there
was a tendency for the altimeter SWH data to be slightly overestimated with a positive bias
error of 0.23 m. This tendency was found to be due to a mixture of errors caused by the
characteristics of the IORS platform, which observes the wave height using a microwave
instrument at a height of 35 m in addition to satellites [52]. In contrast, the altimeter SWH
data showed an insignificant bias of 0.01 m in comparison with the measurements from the
Donghae buoy.

The IORS and the Donghae buoy measure SWH data with a high temporal resolution
of approximately 1 h at a point location, while the altimeter data are sparsely distributed
with different temporal differences. Therefore, the SWH data may differ from each other
depending on these observation characteristics. Considering the differences, monthly
averaged values and the maximum values of the SWHSs were calculated for both in situ
measurements and satellite data. In the case of altimeter SWH data, the mean and max-
imum values were calculated using along-track data within a bin of 2° x 2° based on
the location of the IORS and the Donghae buoy. Figure 6c—f indicates the comparisons
of the monthly means of wave heights from the in situ observation stations and satellite
observations. Overall, both the average and maximum SWHs observed from satellites
and point stations were in good agreement for the entire period. Two large peaks of more
than 10 m in the monthly maximum (Figure 6d) were generated by the typhoons Muifa
and Bolaven, which passed over the IORS in August 2011 and August 2012, respectively.
Similar values were measured for both the IORS and the altimeter. However, the maximum
SWH obtained from the IORS showed a peak in August 2010 when Kompasu passed, while
the maximum SWH from the altimeter did not show these characteristics. When comparing
the monthly maximum SWH observed from Donghae buoy and altimeters, some peaks
measured in the Donghae buoy did not appear in the altimeter observations (Figure 6f).
This suggests that the altimeters failed to observe the extreme waves generated by storms
that occurred suddenly in the East Sea (Sea of Japan). This is related to the fast movement
of the typhoons at a relatively high speed and the fast-developed low-pressure [47,48].
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Figure 6. Comparison between altimeter-observed SWH and in situ measurements from (a) the IORS
and (b) the Donghae buoy; time series of (c) monthly mean SWH, (d) monthly maximum SWH at the
IORS, (e) monthly mean SWH, and (f) monthly maximum SWH at the Donghae buoy, within a bin of
2° x 2° including the in situ measurement stations.

3.2. Estimation of Extreme SWH Using PoT Method

Figure 7 shows the results of extreme SWH estimates by applying the PoT method
using the GPD to the satellite observed SWH data from the sea surrounding in situ measure-
ment stations of the IORS and the Donghae buoy. The small plot on the upper right side of
each figure presents a comparison between the quantile of the observed data and the quan-
tile of the PoT estimated value of altimeter-observed SWH data from the seas surrounding
the IORS and Donghae buoy. Since relatively high SWH data were selected by excluding
the SWHSs smaller than the threshold value, as shown in red curves of Figure 7, the fitting
of GPD was expected to represent the characteristics of the distribution of extreme wave
heights. The quantiles estimated using the determined probability density function (PDF)
were in good agreement with the observed quantiles from altimeter data near the IORS and
the Donghae buoy. The estimated 25-year and 50-year return period SWHs were 11.83 m
and 13.95 m for the satellite SWH data near the IORS, respectively (Table 2). The 100-year
return period SWHs were estimated to be 16.49 m for the altimeter data near the IORS. The
estimated extreme SWHs were higher than the maximum SWHs with difference values of
3.66 m and 0.20 m around the IORS and the Donghae buoy, respectively. Considering that
the estimated 100-year return period SWHs were higher than the maximum values, it may
be reasonable to estimate extreme SWH by applying the PoT method for the study area.
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Figure 7. Distribution of probability density of significant wave height values from satellite altimeter
data in the sea around (a) the IORS and (b) the Donghae buoy, where the red line represents the
generalized Pareto distribution fitted to the data. The inner plots are the comparisons between
observed quantiles and retrieved quantiles from Peak over Threshold analysis.

Table 2. SWH maximum (HM%*) and H2?, H2?, and H!% (m) estimated by Peak over Threshold
analyses using satellite altimeter data in the seas around the IORS and Donghae buoy, where HMax
represents the maximum value of measurements, and HSZS, H550, and Hs100 are 25-year, 50-year, and
100-year return period wave heights, respectively.

Station HMox H® HY H H0— g
IORS 12.83 11.83 13.95 16.49 3.66
Donghae Buoy 7.23 7.03 7.25 7.43 0.20

Figure 8 shows the estimated SWHs, marked red lines, as a function of the return
periods from 1 year to 100 years using satellite data near the IORS and the Donghae buoy.
The dash lines represent the upper and lower limits of the estimated SWHs within 95%
confidence interval. The confidence interval was calculated by using variance-covariance
matrix and the delta method as described in [17]. In the sea near the IORS, the satellite-
based extreme SWH at 100-year return period was relatively large of 16.49 m with a
confidence interval of approximately 5.04 m. In the region near the Donghae buoy in
the eastern coastal region of the Korean Peninsula with deep water depth, however, the
100-year return period of SWH was 7.43 m with the upper and lower limits of the estimated
return level amounted to 7.94 m and 6.93 m.
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confidence interval.

3.3. Spatial Distribution of Extreme Significant Wave Heights from Altimeter Data

To understand the spatial distribution of extreme SWHSs in the Northwest Pacific, the
100-year return period SWHs within a bin of 2° x 2° were estimated using the PoT method
(Figure 9). To compare the magnitude of the deviation of 100-year extreme SWHSs from the
maximum SWHs over the past decades, we computed the mean values of SWHSs within the
upper 0.1% at each bin (Figure 9a). The number of SWHs within this upper limit generally
accounted for approximately 100 out of approximately 10° individual observations in a bin.
The spatial distribution of the upper 0.1% mean SWHs showed a clear contrast between
the western continental side, with small values of less than 8 m, in the Yellow Sea and the
East Sea (Sea of Japan) and the eastern open ocean side of the Northwest Pacific, with high
values of over 12-13 m (Figure 9a).
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Figure 9. Spatial distribution of (a) significant wave height (SWH) within upper 0.1% (m), (b)
100-year return period SWH (m) estimated by Peak over Threshold (PoT) analysis with a generalized
Pareto distribution, (c) time of SWH within upper 0.1% in each grid (in months), and (d) difference
between extreme SWH from PoT analysis and SWH within upper 0.1% (m).
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Compared with the upper 0.1% SWHs, the 100-year return period extreme values
based on the PoT analysis were much higher than the maximum SWHs over the period
from 1992 to 2016 (Figure 9b). The PoT analysis indicates that the overall distribution
of the 100-year return period SWHSs ranged from 5 to 22 m. High SWH values were
estimated in the open ocean at high-latitude regions above 40°N. It is noted that the wave
heights of 14-15 m in the East China Sea can be found in the results of the PoT analysis. A
strong spatial variability of extreme SWHs estimated with PoT is inferred from the high
winds with spatially dominant fluctuations in the Northwest Pacific region in winter. In
addition, the irregular movement of typhoons in summer and fall is believed to cause an
unsystematic imbalance in space. Figure 9c shows the highly frequent occurrence time
of high SWH values, by investigating the highest frequency of SWHs within the upper
0.1%. This reveals a contrast distinction between the northeastern part in winter and the
southwestern part in summer. This implies that the extreme SWHs of the East China Sea
and southern region of the Northwest Pacific might be induced by typhoons in summer
and fall. In the northern region, the strong winds in winter seem to be responsible for the
high 100-year extreme SWHs. The difference between the 100-year return period SWH
and the maximum SWH showed positive values of 6-8 m in the East China Sea, southern
(<25°N) and northern regions (>40°N) of the Northwest Pacific (Figure 9d). Obvious
positive differences greater than 6 m were observed in the typhoon region.

3.4. Seasonal Variability of Mean and Maximum Significant Wave Heights

To understand the differences between the 100-year extreme SWHSs and the mean
SWHs over the past decades, we investigated the monthly distributions of SWHs for the
period of 1992 to 2016, which are shown in Figure 10. The extremely large values of mean
SWHs appeared in the eastern part of the Northwest Pacific, at approximately 5 m at 175°E,
38°N in November and a broad region of about 4.2-5.0 m in October and December. In
January, the SWHs were still high but began to decrease by less than 3 m in the northeastern
region. In the spring, from March to May, the SWHs were remarkably reduced to less than
1 m in the marginal seas. This tendency of relatively small SWHs (<1 m) in the marginal
seas lasted from summer June to August. Therefore, the spatial distribution of the 100-year
return period SWHs with the PoT analysis in Figure 9 could be asserted to reflect the
characteristics of the extreme conditions in the northeastern part of winter. Considering the
relatively small SWHs in the East China Sea in summer, the extreme SWHs in this region
originate from the activity of typhoons rather than ordinary SWHs in summer.

As mentioned previously, the mean SWHs were relatively small, at less than 1.5 m
in the East China Sea in summer. This yielded high differences from the 100-year return
period SWHs in this region. Accordingly, the seasonal variations of extreme SWHs within
the upper 0.1% were examined, as shown in Figure 11. Similar to the seasonal mean of
the SWHs, the extreme SWHs also represented the highest values, of up to 14 m, in the
eastern part in winter from December to February (Figure 11d). One of the most remarkable
differences between the means of all SWHSs (Figure 10) and the extreme SWHs within the
upper 0.1% (Figure 11) was found in summer and fall. There were high values of extreme
SWHs amounting to 8-10 m in the East China Sea and south of Japan in the Northwest
Pacific. This implies that some of the high SWHs occur seldomly but appear with extremely
high wave heights in summer and fall. This suggests a potential role for tropical storms in
the regions during summer and fall.
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Figure 10. Monthly maps of satellite significant wave heights in the Northwest Pacific for the period
1992 to 2016: (a) March, (b) April, (c) May, (d) June, (e) July, (f) August, (g) September, (h) October, (i)
November, (j) December, (k) January, and (1) February.
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Figure 11. Seasonal distribution of significant wave heights from satellites within the upper 0.1% in
the Northwest Pacific in (a) spring (March, April, and May), (b) summer (June, July, and August), (c)
fall (September, October, and November), and (d) winter (December, January, and February) for the
period of 1992 to 2016.
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3.5. Seasonal Variation of 100-Year Return Significant Wave Heights

The relatively weak seasonal variation of the estimated extreme 100-year return SWH
using the PoT analysis was found in the Northwest Pacific (Figure 12). The spatial average
of the 100-year return period SWH with the PoT analysis was estimated to be about 10 m
in the winter. In contrast, it was calculated to be about 8.3 m in the summer, which was
approximately 1 m higher than the maximum values of the upper 0.1% of SWHs (Figure 11).
The overall results of the PoT analysis showed a similar spatial pattern to the upper 0.1% of
SWHs, but due to the limited data and high spatial variability, some abnormal values can
be seen in the study area. In winter and spring, extreme SWHSs had a tendency to be high
at relatively high latitudes (>40°N). As described earlier, the highest extreme SWH region
(>10 m) in the East China Sea during summer (Figure 12b) seemed to be due to the effect of
typhoons (Figure 1c,d). The effects of extreme conditions and latitudinal tendencies were
also detected in the fall (Figure 12c).

55°N 7

45°N 4

35°N 1

25°N 1

55°N 1

45°N 4

35°N 1

25'N {45

120°E 140°E 160°E 180°E 120°E 140°E 160°E 180°E

Figure 12. Spatial distribution of seasonal extreme SWH (H!%) (m) estimated by the PoT method in
(a) spring (March, April, and May), (b) summer (June, July, and August), (c) fall (September, October,
and November), and (d) winter (December, January, and February).

Although the mean SWHs and the upper 0.1% of SWHs appeared remarkably in
winter (Figure 10d,j-1), the spatially dominant PoT-based extreme SWHs appeared to be
randomly distributed with values from 14 m to 18 m. The maximum 100-year SWHs
were 18 m in spring, 16 m in summer, 16 m in fall, and 18 m in winter. This implies that
the PoT-based SWHs appear regardless of season and locations with slight differences as
shown in Figure 12.

3.6. Effect of Tropical Cyclones on the Estimation of Extreme SWH

In the previous sections, it was hypothesized that high PoT-based SWHSs in summer
were associated with typhoons. To clarify whether these are indeed related to typhoons, we
classified all the spatial grids into two regions of typhoon and non-typhoon by applying a
limit to the number of typhoons (N = 10) in each bin. Figure 13a shows the histogram of the
differences between PoT-derived extreme SWHs and the maximum SWH in the typhoon
region with a frequency of greater than 10, corresponding to a cumulative percentage of
typhoon passage frequency of 60% approximately as shown in Figure 1c,d. The differences
between the 100-year return SWH obtained from the PoT analysis and the maximum
SWHs showed positive values in nearly all regions (>99.5%) regardless of the number of
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typhoons, which indicated that the characteristics of extreme conditions were appropriately
reflected in the EVA (Figure 13a,d). The maximum count was found at approximately
4 m, which was similar to that of non-typhoon regions, as shown in Figure 13d. Although
the maximum frequency appeared at a difference of the SWHs in both typhoon and non-
typhoon regions, their occurrence months, with a high frequency of high SWHSs within the
upper 0.1%, differed as they appeared in August to October in the case of typhoon regions
(Figure 13b) and in December to February in the case of non-typhoon regions (Figure 13e).
In total, 56.6% of the typhoon regions appeared to present the maximum SWH between
August and October, whereas 67.5% of the non-typhoon region showed the maximum
value in winter. The PoT-derived SWHs showed a high frequency in fall (from September
to November) in the typhoon region, while the maximum frequency appeared in winter
(December to February) in the non-typhoon region, as shown in Figure 13¢,f. The time of
the maximum value of the extreme SWHs estimated by the PoT analysis was similar to
that of the maximum SWH, which also demonstrated that the PoT analysis appropriately
simulated the characteristics of extreme SWH in the Northwest Pacific.
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Figure 13. Histograms of (a) differences between extreme SWHs using PoT and SWHs within upper 0.1%, (b) time (in

month) of SWHs within upper 0.1%, (c) time of the maximum value of extreme SWHs using PoT in the typhoon region,

with a number of typhoons greater than 10, and (d—f) the cases for the non-typhoon region with a number of typhoons of

less than 10.

The distributions of SWHs showed considerable differences between the typhoon
region and in the non-typhoon region. In order to investigate the characteristics of SWH
distribution in the typhoon and non-typhoon region in more detail, two points representing
the typhoon (128°E, 30°N) and non-typhoon (174°E, 52°N) region were selected, and the
PDFs were determined by PoT analysis (Figure 14). In the selected point representing
the typhoon region (128°E, 30°N), about 30 typhoons passed over the study period. As
expected, the quantiles estimated by the PoT analysis showed relatively good agreement
with the observed quantiles (Figure 14a). In addition, as shown in Figure 14b, the PoT
analysis estimated appropriate extreme SWHs in the point representing the non-typhoon
region. With the accumulation of satellite-observed SWH data over several decades, it
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can also be suggested that the PoT analysis can be used to estimate more reliable extreme
SWHs in the Northwest Pacific.
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Figure 14. Histograms of the PoT analysis with the generated Pareto distribution in (a) the typhoon
region (128°E, 30°N) with a frequency of more than 10 and (b) non-typhoon region (174°E, 52°N)
with a frequency of less than 10.

4. Discussion

Although extreme SWHSs from PoT analysis are evaluated reliably in the Northwest
Pacific, where typhoons are frequently generated, this method may also have some lim-
itations. Figure 15 shows the 11 um channel image of COMS/MI from 26 to 27 August
2012, when the typhoon Bolaven transected the Korean Peninsula. In Figure 15, all the
altimeter data along the tracks of SWH observations were within 3 h of the COMS/MI
observation time. Typhoon Bolaven passed near the IORS at 15 UTC on 27 August 2012,
and an enormous SWH with a peak value of 11.1 m was measured by the instrument from
the IORS (Figure 3). At nearly the same time, the altimeter observed an SWH of about
12 m while passing through the center of the typhoon (Figure 15g). As may be observed
from the time series of the altimeter observations in Figure 15, the altimeters did not obtain
data for the entirety of the storm, although all satellite altimeter data from Jason-1/2 and
Cryosat-2 were collected. Therefore, it is highly plausible that extreme SWHs may be
underestimated in regions in which the altimeter is unable to observe the high SWHSs
generated by storms. The observation limit of the altimeter is reported to be sensitive to
PoT analysis [28]. In order to calculate the extreme wave heights with high confidence, the
duration of the wave height data should be sufficiently long. Especially in the Northwest
Pacific, where typhoons occur irregularly in space and time, the amount of satellite data
should be accumulated over a longer period in order to include the effects of typhoons.

Both buoys and altimeters have limitations on the measurements of extreme waves
because the buoys measure instantaneous extreme waves in a single point and satellite
altimeters measure a mean value in a footprint. Thus, a difference in the resulting mea-
surements will inevitably appear. Despite the differences in these observations, field
observations of wave heights are very important and provide us with invaluable verifica-
tion data. In this regard, observational data from the IORS in the center of the East China
Sea can provide very important clues regarding wave height changes as well as other
oceanic and atmospheric values when typhoons or extreme events occur. In light of this, if
sufficient data are accumulated, the IORS can be one of the most important sites for the
validation of extreme SWHs using satellite data and for diverse kinds of oceanic research.
Thus, more buoy stations for in situ measurements should be installed and operated in
near-real time for the high-performance estimation of 100-year period extreme SWHs.
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Figure 15. Spatial distribution of along-track SWHs around the tropical cyclone named Bolaven at (a) 00 UTC, (b) 06 UTC,
(c) 12 UTC, and (d) 18 UTC on 26 August 2012 and (e) 00, (f) 06, (g) 12, and (h) 18 UTC on 27 August 2012, where the
backgrounds are infrared images from the Communication, Ocean, and Meteorological Satellite/Meteorological Imager
(COMS/MI) and the red dot denotes the location of the Ioedo Ocean Research Center. The SWH data were obtained from
satellite altimeters of (b) Jason-1 (right) and Jason-2 (left), (d) Jason-1 (right) and Jason-2 (left), (e) Cryosat-2, (g) Cryosat-2
(middle), Jason-1 (right) and Jason-2 (left) in the upper right corner, and (h) Jason-1 (right) and Jason-2 (left).

5. Conclusions

The 100-year return period of SWHs was estimated by applying the PoT method
as one of representative EVA methods. The PoT-derived SWHs were compared with
the maximum SWHSs within the upper 0.1% of satellite observations in the Northwest
Pacific. Despite many shortcomings, including the limitations of the PoT method and
the unevenness of observations in satellite altimeter data, the PoT method supported our
hypothesis by presenting higher SWHs than the maximum values observed from 1992
to 2016. The comparisons of the data were performed by classifying the extreme SWHs
into two different regions—a typhoon region and non-typhoon region—by defining the
thresholds of the frequency of the number of typhoons in each bin. As a result, the PoT-
derived 100-year extreme SWHs revealed the characteristic variations affected by not only
typhoons in the East China Sea during typhoon periods in summer and fall but also by
winter-time high SWHSs in the northeastern part of the study region in the Northwest
Pacific. Overall differences of SWHSs between PoT-derived extremes and the maximum
values appeared at approximately 4 m, and the highest differences were approximately
8 m.

The present PoT method represents the SWHs in extreme events well. However,
there is a potential limitation in terms of bias due to the few sampling problems when an
altimeter observes the SWH along the track in the nadir direction. Nonetheless, satellite
altimeter data are very valuable for estimating the extreme value of SWHs as they cover
the global ocean as well as regional seas. In addition, if sufficient data are accumulated, it is
also expected that the IORS could be a good candidate for investigating oceanic responses
to the typhoons that frequently pass over the station.
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Abbreviations

The following abbreviations are used in this manuscript:
AM Annual Maximum

COMS/MI  Communication, Ocean, and Meteorological Satellite/Meteorological Imager
Envisat Environmental Satellite

ERS-1 European Remote Sensing-1

ERS-2 European Remote Sensing-2

EVA extreme value analysis

GPD generalized Pareto distribution

GFO Geosat Follow-On

IORS Ieodo Ocean Research Station

IDM Initial Distribution Method

IFREMER  Institut Frangais de Recherche pour I’Exploitation de la Mer
IBTrACS International Best Track Archive for Climate Stewardship

Jason-1 Joint Altimetry Satellite Oceanography Network-1
Jason-2 Joint Altimetry Satellite Oceanography Network-2
KMA Korea Meteorological Administration
PoT Peak over Threshold
PDF probability density function
RMSE root-mean-square error
SARAL Satellite for Argos and Altika
SWH significant wave height
TOPEX Topography Experiment
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